INTRODUCTION
============

Emerging experimental and clinical data suggest that disturbed hepatic cholesterol homeostasis and free cholesterol accumulation in the liver are relevant to the pathogenesis of nonalcoholic steatohepatitis (NASH; [@B5]; [@B24]; [@B1]). Critical roles for endoplasmic reticulum (ER) stress ([@B2]) and mitochondrial free cholesterol accumulation ([@B21]) have been suggested. However, the precise mechanisms of free cholesterol lipotoxicity in NASH are not well understood. Increasing evidence suggests that contact zones between cytoplasmic lipid droplets (LDs) and the ER and mitochondria play important roles in trafficking of lipids and regulation of lipid metabolism ([@B3]).

LDs are intracellular organelles that store neutral lipids within cells. Recent studies show that LDs are authentic organelles that are actively engaged in multiple functions through interaction with other organelles ([@B10]; [@B15]; [@B31]; [@B37]). In hepatocytes, LDs act as a reservoir of neutral lipids for the formation of very low-density lipoprotein (VLDL), which is assembled by the lipidation of apolipoprotein B (ApoB) in the lumen of the ER ([@B18]; [@B47]). The LD-coat protein perilipin 2 (PLIN2; formerly known as adipophilin or adipose differentiation--related protein) is reported to regulate VLDL secretion. Knockdown of PLIN2 induces close apposition between LDs and the ER, suggesting that the PLIN2 content of LDs regulates the interaction of LDs and the ER. However, little is known about the mechanisms that govern the transfer of lipids from LDs to the lumen of the ER ([@B18]).

Rab low--molecular weight GTP-binding proteins are involved in various steps of intracellular traffic ([@B41]; [@B39]). Similar to PLIN2, Rab18 is specifically associated with LDs ([@B22]; [@B29]). However, Rab18 and PLIN2 are localized to different population of LDs ([@B29]). Over­expression of Rab18 induces a decrease in amount of PLIN2 and the close apposition of LDs to the ER-derived membrane in HepG2 and BALB/c 3T3 cells ([@B29]). In adipocytes, the stimulation of lipolysis increases the localization of Rab18 to LDs ([@B22]). These results suggest that Rab18 is involved in lipid movement from LDs to the ER. Rab18 is involved in insulin-mediated lipogenesis and β-adrenergic--induced lipolysis in adipocytes ([@B33]). It is postulated that Rab18 facilitates the interaction of LDs with ER membranes and the exchange of lipids between these compartments. The role of Rab18 in hepatocytes remains to be elucidated.

In this study, we examined the effect of the acute accumulation of free cholesterol on LDs in cultured human hepatocytes. Accumulation of cholesterol induced LD fusion and degradation of PLIN2, followed by the association of ApoB with LDs. Our results also indicate the role of Rab18 in LD fusion to ER.

RESULTS
=======

An acyl-CoA:cholesterol acyltransferase inhibitor induces fusion of LDs
-----------------------------------------------------------------------

To study the effect of acyl-CoA:cholesterol acyltransferase (ACAT) inhibition on lipoprotein/cholesterol metabolism in human liver cells, we treated cultured human hepatocyte Huh7 cells with two ACAT inhibitors, (1*s*,2*s*)-2-\[3-(2,2-dimethylpropyl)-3-nonylureido\]amino­cyclohexane-1-yl-3-\[*N*-(2,2,5,5-tetramethyl-1,3-dioxane-4-carbonyl)amino\]propionate (F1394; [@B17]) and 3-\[decyldimethylsilyl\]-*N*-\[2-(4-methylphenyl)-1-phenylethyl\]pro panamide (58-035; [@B36]), and examined the effect on the morphology of lipid droplets (LDs). After incubation with the inhibitors, cells were labeled with BODIPY 493/503, which stains neutral lipids of LDs ([@B12]). Cell treatment with F1394 for 24 h resulted in LD enlargement with a concomitant decrease in the number of smaller (\<0.5 μm) LDs ([Figure 1, A and C)](#F1){ref-type="fig"}. However, unlike F1394, 58-035 did not significantly affect the size of LDs, with the smaller LDs representing the majority of LDs ([Figure 1, A and C](#F1){ref-type="fig"}). Of note, the combination of methyl-β-cyclodextrin (MβCD)/cholesterol in order to increase the cholesterol content and 58-035 increased the size of LDs ([Figure 1, B and D)](#F1){ref-type="fig"}. [Figure 2](#F2){ref-type="fig"} and Supplemental Movies S1 and S2 show the dynamics of Nile red--labeled LDs in the absence ([Figure 2](#F2){ref-type="fig"}, control; Supplemental Movie S2) and presence ([Figure 2](#F2){ref-type="fig"}, F1394; Supplemental Movie S1) of F1394. [Figure 2](#F2){ref-type="fig"} shows that F1394 induces fusion of LDs (white and yellow arrows).

![Treatment of Huh7 cells with ACAT inhibitors enlarges LDs. (A) Huh7 cells were cultured for 24 h in the absence (Control) or presence of 10 μg/ml F1394 or 10 μg/ml 58-035. Cells were then labeled with 2 μg/ml BODIPY 493/503 for 30 min. Bar, 10 μm. (B) Cells were treated with MβCD/cholesterol in LPDS (Chol) or MβCD/cholesterol plus 58-035 in LPDS (Chol + 58-035) as described in *Materials and Methods*. Cells were labeled with BODIPY 493/503. Bar, 10 μm. (C) The size distributions of LDs were quantified as described in *Materials and Methods* after 24-h treatment of Huh7 cells with 10 μg/ml F1394 or 10 μg/ml 58-035. (D) The size distributions of LDs were quantified after 24-h treatment of Huh7 cells with MβCD/cholesterol in LPDS (Chol) or MβCD/cholesterol plus 58-035 in LPDS (Chol + 58-035).](3293fig1){#F1}

![Treatment of Huh7 cells with F1394 induces fusion of LDs. Huh7 cells were incubated in DMEM with 10% FCS plus 20 ng/ml Nile red in the absence (Control) or presence (F1394) of 10 μg/ml F1394~.~ Time-lapse images were acquired using an Olympus FV1000 confocal microscope. Arrows indicate the fusion of LDs. See Supplemental Movies S1 and S2. Bars, 10 μm.](3293fig2){#F2}

ACAT inhibitors increase cellular free cholesterol
--------------------------------------------------

[Figure 3A](#F3){ref-type="fig"} indicates that both F1394 and 58-035 significantly inhibited the esterification of cholesterol as monitored by the incorporation of \[^14^C\]oleate into cholesterol. The inset of [Figure 3A](#F3){ref-type="fig"} shows that F1394 (99% inhibition) is a more potent inhibitor than 58-035 (95% inhibition). The total content of cellular cholesterol was quantified by gas chromatography (GC) analysis after 24 h of treatment with F1394 and 58-035 ([Figure 3, B and C)](#F3){ref-type="fig"}. Both inhibitors significantly increased cellular free cholesterol, with F1394 displaying a higher increase of 63% (*p* \< 0.001) than 58-035, 36% (*p* \< 0.02; [Figure 3B)](#F3){ref-type="fig"}. In contrast, total cholesterol ester was not significantly affected by these inhibitors (*p* \> 0.1, [Figure 3C)](#F3){ref-type="fig"}. The cholesterol-binding dye filipin strongly labeled intracellular compartments when cells were incubated with 10 μg/ml F1394 for 24 h. Filipin labeling partially overlapped with anti-bis(monoacylglycero)phosphate (BMP)/lysobisphosphatidic acid (LBPA) antibody staining ([Figure 3D)](#F3){ref-type="fig"}, which is enriched in late endosomes ([@B14]). In addition to late endosomes, filipin stained the rim of LDs (arrows) after F1394 treatment ([Figure 3, D and E)](#F3){ref-type="fig"}.

![ACAT inhibitors increase cellular free cholesterol. (A) Huh7 cells were treated as described in [Figure 1A](#F1){ref-type="fig"}. Incorporation of \[^14^C\]oleate into cholesterol was measured as described in *Materials and Methods*. Results indicate mean ± SD (n = 3) of \[^14^C\]cholesteryl ester formed. (B) Cells were treated as in A. Total cellular free cholesterol was quantified using GC as described in *Materials and Methods*. \*\*\**p* \< 0.001, \*\**p* \< 0.02. (C) Cells were treated as in A. Total cellular cholesterol ester was quantified using GC as described in *Materials and Methods*. (D) Cells were grown for 24 h in the absence (top) or presence (bottom) of 10 μg/ml F1394. Cells were then fixed and permeabilized by digitonin as described in *Materials and Methods* and doubly labeled with filipin and anti-BMP/LBPA antibody. Bar, 10 μm. (E) Cells were grown for 24 h in the absence (Control) or presence (F1394) of 10 μg/ml F1394. Cells were then fixed and permeabilized by freezing and thawing as described in *Materials and Methods* and stained with filipin. Bar, 10 μm.](3293fig3){#F3}

To make precise the link between LD enlargement and cholesterol content, we then examined by high-performance TLC (HPTLC) the neutral lipid content of the LD fractions obtained from Huh7 cells treated with ACAT inhibitors ([Figure 4](#F4){ref-type="fig"}). We measured the intensity of cholesterol and cholesterol ester bands stained with ferric chloride/sulfuric acid/acetic acid and normalized the intensity with the amount of proteins. F1394 treatment slightly (*p* = 0.05) increased the amount of free cholesterol in LD fraction, whereas 58-035 did not. Both F1394 and 58-035 significantly (*p* \< 0.05) decreased the content of cholesterol ester in the LD fraction. As a result, both F1394 and 58-035 increased the free cholesterol/cholesterol ester ratio (*p* \< 0.01) in the LD fraction, with F1394 giving a higher ratio. Free cholesterol in the LD fraction was highly increased after cell treatment with cholesterol/MβCD complex (*p* \< 0.001). However, cholesterol/MβCD complex also increased cholesterol ester (*p* \< 0.01), and thus the cholesterol/cholesterol ester ratio in the LD fraction was not significantly affected by cholesterol/MβCD treatment. In contrast, cholesterol/cholesterol ester was highly increased (*p* \< 0.01) when cells were treated with both cholesterol/MβCD and 58-035.

![F1394 increases free cholesterol/cholesterol ester ratio in LDs. Huh7 cells were cultured for 24 h in the absence (Control) or presence of 10 μg/ml F1394 or 10 μg/ml 58-035 or treated with MβCD/cholesterol in LPDS (Chol) or MβCD/cholesterol plus 58-035 in LPDS (Chol + 58-035) as described in *Materials and Methods*. LD fractions were prepared and lipids analyzed by HPTLC as described in *Materials and Methods*. Results indicate the mean ± SD (*n* = 3). \**p* = 0.05, \*\**p* \< 0.05, \*\*\**p* \< 0.01, \*\*\*\**p* \< 0.001.](3293fig4){#F4}

There are two genes encoding the two ACAT enzymes, ACAT1 and ACAT2 ([@B7]). ACAT2 is the major ACAT isozyme in adult human liver ([@B30]). To study the specific role of ACAT inhibition in the free cholesterol increase, we prepared Huh7 knockout cells of ACAT1, ACAT2, and both ACAT1 and ACAT2. We confirmed that each single knockout inhibited cholesterol esterification but not as efficiently as the F1394 inhibitor (Supplemental Figure S1A). Unfortunately, double-knockout cells did not grow well and could not be surveyed for cholesterol content. Knockout of ACAT2 gave a cholesterol/cholesterol ester ratio for LDs of 0.70 (Supplemental Figure S1B). In addition, LD staining with BODIPY 493/503 of ACAT1- or ACAT2-knockout Huh7 cells showed a weaker and heterogeneous enlargement of LDs compared with F1394-treated cells (Supplemental Figure S1C).

Free cholesterol accumulation induces the degradation of PLIN2
--------------------------------------------------------------

Because LD surface structure and lipolysis activity are regulated by PLIN proteins, a family of five genetically related coat proteins ([@B42]), we decided to examine the distribution of adipocyte differentiation--related protein (PLIN2, also known as adipophilin), a major peripheral protein of LDs in Huh7 cells. PLIN2 was located at the periphery of enlarged LDs until 12 h after the addition of F1394 ([Figure 5A)](#F5){ref-type="fig"}. However, PLIN2 staining was drastically reduced after 24 h of cell treatment. Western blotting demonstrated that PLIN2 content decreased gradually during incubation with F1394 ([Figure 5B)](#F5){ref-type="fig"}. In contrast, 58-035 did not significantly decrease PLIN2 after 24 h of treatment compared with the control, whereas the combination of 58-035 and MβCD/cholesterol did so significantly ([Figure 5C](#F5){ref-type="fig"}).

![Acute free cholesterol accumulation induces ubiquitin- and autophagy-mediated degradation of PLIN2. (A) F1394, 10 μg/ml, was added to Huh7 cells. At appropriate intervals, cells were fixed, permeabilized with digitonin, and doubly labeled with BODIPY 493/503 and anti-PLIN2 antibody as described in *Materials and Methods*. Bar, 10 μm. (B) Cells were treated as in A. Cellular PLIN2 was measured by Western blotting as described in *Materials and Methods*. (C) Cells were treated for 24 h with 10 μg/ml F1394, 10 μg/ml 58-035, MβCD/cholesterol in LPDS (Chol), or MβCD/cholesterol plus 58-035 in LPDS (Chol + 58-035) as described in [Figure 1](#F1){ref-type="fig"}. Cellular PLIN2 was measured as in B. (D) Huh7 cells were treated with 10 μg/ml F1394 in the presence or absence of 10 μM MG132, 10 μM ALLN, or 10 mM 3MA. After 24-h incubation, PLIN2 in cells was revealed by Western blotting. (E) Huh7 cells were grown in the absence and presence of 10 μg/ml F1394, 10 μg/ml cycloheximide (CHX), or CHX plus F1394 for 18 h. PLIN2 was measured as in B. (F, G) Cells were treated with 10 μg/ml F1394, 10 μg/ml CHX, or CHX + F1394 for 24 h. Cells were then fixed and permeabilized with digitonin and labeled with BODIPY 493/503 (F) or anti-PLIN2 antibody (G) as described in *Materials and Methods*. Bars, 10 μm.](3293fig5){#F5}

PLIN2 is degraded by the ubiquitin pathway during the regression of lipid-storing cells ([@B45]; [@B23]). LDs can also be degraded through autophagosomes during nutrient starvation ([@B40]). We thus examined the effects of the ubiquitin inhibitors MG132 and *N*-acetyl-[l]{.smallcaps}-leucinyl-[l]{.smallcaps}-leucinyl-[l]{.smallcaps}-norleucinal (ALLN) and the autophagy inhibitor 3-methyladenine (3-MA; [@B26]) on F1394-induced PLIN2 degradation. All three inhibitors partially inhibited degradation of PLIN2 ([Figure 5D)](#F5){ref-type="fig"}, suggesting that both the ubiquitin pathway and autophagy are involved in degradation of PLIN2 by F1394. Furthermore, degradation of PLIN2 was inhibited when protein synthesis was inhibited ([Figure 5E](#F5){ref-type="fig"}). However, F1394 still induced enlargement of LDs as visualized by BODIPY 493/503 ([Figure 5, F and G)](#F5){ref-type="fig"}. These results indicate that F1394-induced enlargement of LDs does not require newly synthesized PLIN2 and that the enlargement is not the result of PLIN2 degradation. Supplemental Figure S2 examines whether PLIN1 substitutes for PLIN2 during F1394 treatment. Western blotting shows that F1394 did not alter PLIN1 content in Huh7 cells (Supplemental Figure S2A). Furthermore, staining with anti-PLIN1 antibody displays a similar ER staining pattern in both control and F1394-treated cells, suggesting that PLIN1 did not substitute for PLIN2 (Supplemental Figure S2B).

Acute accumulation of free cholesterol induces the fusion of LDs and ER
-----------------------------------------------------------------------

Of interest, the PLIN2 decrease in free cholesterol--accumulated cells was not accompanied by a decrease of BODIPY 493/503 staining ([Figure 5A)](#F5){ref-type="fig"}. [@B27]) showed that knockdown of PLIN2 increases the association of ApoB 100 to LDs. [Figure 6A](#F6){ref-type="fig"} examines the intracellular distribution of ApoB in F1394-treated cells. ApoB labeling increased (see later discussion for the permeabilization procedure) in a time-dependent manner, and ApoB was localized at the periphery of BODIPY 493/503 staining. Similar results were obtained when Huh7 cells were treated with the combination of MβCD/cholesterol and 58-035 ([Figure 6B](#F6){ref-type="fig"}). [Figure 6C](#F6){ref-type="fig"} shows the effect of F1394 treatment on the distribution of ApoB after sucrose density gradient fractionation. ApoB was increased in the very light 8.6% fraction (i.e., lipid enriched), supporting the idea that ApoB was associated with LDs by F1394 treatment. Furthermore, Western blotting of the subcellular fractions indicates that a considerable amount of cellular ApoB was not associated with LDs in both control and the F1394-treated cells ([Figure 6C)](#F6){ref-type="fig"}.

![Acute free cholesterol accumulation induces association of ApoB with LDs. (A) F1394,10 μg/ml, was added to Huh7 cells. At appropriate intervals, cells were fixed, permeabilized with digitonin, and doubly labeled with BODIPY 493/503 and anti-ApoB antibody as described in *Materials and Methods*. Bar, 10 μm. (B) Cells were treated with MβCD/cholesterol in LPDS (Chol) or MβCD/cholesterol plus 58-035 in LPDS (Chol + 58-035) as described in [Figure 1](#F1){ref-type="fig"}. Cells were then fixed, and ApoB was labeled as described. (C) Huh7 cells were cultured for 24 h in the absence (Control) or presence of 10 μg/ml F1394. Cells were then homogenized, and PNS was separated by stepwise sucrose density gradient as described in *Materials and Methods*. The distribution of ApoB was measured by Western blotting. (D) Huh7 cells were grown for 24 h in the absence and presence of 10 μg/ml F1394. Cells were then fixed and permeabilized with 0.1% Triton X-100. Intracellular distribution of ApoB and PDI was examined as described in *Materials and Methods*. Bar, 10 μm. (E) Cells were treated as described and then fixed and permeabilized with 50 μg/ml digitonin, followed by double labeling with anti-ApoB and anti-PDI. Bar, 10 μm. (F) Cells were incubated as in A, followed by labeling with ER tracker. Bar, 10 μm. (G) Cells were treated as in D and fixed and permeabilized with 50 μg/ml digitonin, followed by double labeling with anti-PLIN2 and anti-ApoB. Bar, 10 μm.](3293fig6){#F6}

In this study, most of the immunofluorescence experiments were performed in cells fixed and permeabilized with 0.05% digitonin, which preferentially permeabilizes cholesterol-rich membrane ([@B9]; [@B27]). When cells were fixed and permeabilized with 0.1% Triton X-100, ApoB was found to be distributed in the ER network and colocalized with the ER lumen marker protein disulfide isomerase (PDI) in control cells ([Figure 6D)](#F6){ref-type="fig"}. After F1394 treatment, ApoB was localized to LD-like structures in addition to the ER network. PDI was also observed in LD-like structures after F1394 treatment ([Figure 6D](#F6){ref-type="fig"}). Of note, ApoB labeling was not observed in digitonin-treated control cells. In contrast, both ApoB and PDI were localized in LD-like structures after digitonin treatment of cells incubated with F1394 ([Figure 6E)](#F6){ref-type="fig"}. These results indicate that the ApoB-positive structure visualized in digitonin-permeabilized, F1394-treated cells is located in the ER lumen. The LD-like structures were also labeled with an ER tracker dye (glibenclamide BODIPY FL) that binds to the sulfonylurea receptors of ATP-sensitive K^+^ channels ([Figure 6F)](#F6){ref-type="fig"}. Sometimes, the PLIN2 labeling and ApoB labeling were complementary in a single LD and showed an "ApoB crescents" pattern as observed when proteasomes were inhibited in Huh7 cells ([@B26], [@B27]; [Figure 6G)](#F6){ref-type="fig"}. In contrast to the observation of [@B27]), however, the majority of ApoB-positive structures appeared as circles in our experiments ([Figure 6, A, B, D, and E](#F6){ref-type="fig"}). It was demonstrated that ApoB crescents were significantly reduced when ApoB lipidation is suppressed ([@B27]). Supplemental Figure S3 examines the effect of the inhibitor of the microsomal triglyceride-transfer protein (MTP) BAY 13-9952 on ApoB labeling of digitonin-treated cells and the recovery of ApoB in LD fraction after sucrose density gradient centrifugation. In contrast to the result of the previous report ([@B27]), ApoB staining was only partially suppressed, indicating that ApoB was not significantly lipidated. The recovery of ApoB to the LD fraction was 80% of control, supporting the immunofluorescence results.

Electron microscopy showed LDs adjacent to the ER (black arrowheads in [Figure 7, A and B](#F7){ref-type="fig"}) after 6 h of incubation with F1394. Mitochondria were often observed next to LDs (red arrowheads). Immunoelectron microscopy revealed ApoB (10 nm gold) both outside and at the rims of LDs (black arrowheads in [Figure 7, C and D](#F7){ref-type="fig"}). Both ApoB (10 nm gold) and PLIN2 (5 nm gold) were observed in the same LDs after 6 h of F1394 treatment. Cells exhibited electron-lucent and -dense LDs connected to each other after 24 h of treatment with F1394 ([Figure 7, E--G](#F7){ref-type="fig"}). [@B27]) showed that enrichment of polyunsaturated fatty acid causes electron-dense LDs. Bilayer membranes were connected to LDs (black arrowheads in [Figure 7, F and H](#F7){ref-type="fig"}). LDs were attached to and surrounded by a number of small vesicles (red arrowheads in [Figure 7, F and H](#F7){ref-type="fig"}), suggesting the occurrence of active vesicle budding or fusion.

![Acute free cholesterol accumulation induces the association of LDs with the ER. (A, B) Huh7 cells were treated with 10 μg/ml F1394 for 6 h. Cells were then fixed and examined under an electron microscope as described in *Materials and Methods*. (B) Higher magnification image of a dashed square area in A. Black arrowheads indicate the cisterns of ER connected with LDs. Red arrowheads indicate the mitochondria connected with LDs. Bar, 1 μm. (C, D) Cells were treated as described and then fixed and doubly labeled with anti-PLIN2 (5 nm) and anti-ApoB antibodies (10 nm, black arrowheads) as described in *Materials and Methods*. Insets, enlarged image of dashed squares. Bar, 0.1 μm. (E--H) Huh7 cells were treated with 10 μg/ml F1394 for 24 h. Cells were then fixed and examined under electron microscope as described in *Materials and Methods*. Cells contain LDs with different electron densities (E). LDs were often connected (G). (F) Higher-magnification image from dashed square area in E. (H) Enlarged image of LD. Each LD was connected to bilayer membranes (black arrowheads in F and H) and surrounded by tiny vesicles (red arrows in F and H). Bars, 1 μm (E, G), 0.1 μm (F, H).](3293fig7){#F7}

Our results are different from those of [@B27]) on the association of ApoB to LDs during normal culture conditions: 1) Most of the ApoB staining labeled the entire LDs rather than appearing as "ApoB crescents." 2) MTP inhibitor did not significantly inhibit the association of ApoB to LDs. 3) Both PLIN2 and ApoB are located to the rim of LDs. Because PDI staining and ER tracker dye were also associated with LDs and electron micrographs suggest budding/fusion of LDs, we speculate that F1394 favors the fusion of LDs to the ER.

Rab18 mediates the association of ApoB to LDs in acute cholesterol-loaded cells
-------------------------------------------------------------------------------

Rab low--molecular weight GTP-binding proteins are involved in the various steps of intracellular vesicular traffic ([@B41]; [@B39]). Rab18 is specifically associated with LDs ([@B22]; [@B29]) and induces close apposition of LDs to the ER-derived membrane ([@B29]). In adipocytes, the stimulation of lipolysis increased the localization of Rab18 to LDs ([@B22]). [@B29]) showed that endogenous Rab18 coexisted with PLIN2 in LDs, but the labeling intensity of the two proteins showed clear reciprocity in HepG2 cells. [Figure 8A](#F8){ref-type="fig"} and Supplemental Figure S4 indicate that Rab18 was partially colocalized with PLIN2 in Huh7 cells as reported in HepG2 cells ([@B29]). F1394 treatment decreased the Rab18 labeling of LDs, and after 8 h, Rab18 was mainly localized in ER. Rab18 labeling was abolished after 24 h of treatment, as observed for PLIN2. The redistribution of Rab18 was confirmed by sucrose density gradient fractionation ([Figure 8B](#F8){ref-type="fig"}). Rab18 was recovered mainly in the very light (8.6%) fraction in the control cells. The addition of F1394 decreased the intensity of Rab18 in the very light fraction. After 15 h, a significant amount of Rab18 was recovered in the heavy membrane fraction, where high-density membrane and soluble proteins are recovered. Rab18 was not recovered from the 8.6% fraction after 24 h of treatment with F1394. Unlike PLIN2, Rab18 was not degraded by F1394 treatment.

![Association of ApoB with LDs is dependent on the activity of Rab18. (A) F1394, 10 μg/ml, was added to Huh7 cells. At appropriate intervals, cells were fixed, permeabilized with digitonin, and doubly labeled with anti-PLIN2 and anti-Rab18 antibodies as described in *Materials and Methods*. Bar, 10 μm. (B) Cells were treated with F1394 as described and then homogenized, and PNS was separated by stepwise sucrose density gradient as described in *Materials and Methods*. The distribution of Rab18 was measured by Western blotting. (C, D) Huh7 cells overexpressing mCherry-PLIN2, mCherry-Rab18, mCherry-Rab18 S22N, mCherry-Rab18 Q67L, and mCherry-GDI were treated with F1394 as described in *Materials and Methods*, and the number of ApoB-positive cells was counted after immunofluorescence. Bar, 10 μm.](3293fig8){#F8}

The precise role of Rab18 is not well understood. Rab proteins cycle between an active, GTP-binding form and an inactive, GDP-binding form. The GTP form binds the target membrane, whereas the GDP form is released from the target membrane. GDP-dissociation inhibitor (GDI) slows the rate of dissociation of GDP from Rab and thus inhibits the binding of Rab to the membrane. In this study, we examined the effect of overexpressing wild-type Rab18, constitutively active GTP-binding mutant (Q67L) Rab18, and dominant-negative GDP-binding mutant (S22N) Rab18, as well as of GDI, on the association of ApoB to LDs ([Figure 8, C and D](#F8){ref-type="fig"}). The overexpression of Rab18 S22N and GDI inhibited the association of ApoB to LDs, whereas wild-type Rab18 and the Q67L mutant did not significantly affect the association. These results suggest that the active GTP form of Rab18 is involved in the association of ApoB to LDs. As reported ([@B27]), the over­expression of PLIN2 also inhibited the association of ApoB to LDs.

Supplemental Figure S5, A and B, indicates that the overexpression of Rab18 Q67L and Rab18 S22N did not inhibit the F1394-induced enlargement of LDs. Supplemental Figure S5C shows that the overexpression of wild-type Rab18 slightly decreased endogenous PLIN2 as reported ([@B29]). Overexpression of green fluorescent protein (GFP)--PLIN2 also decreased endogenous PLIN2. However, overexpression of Rab18 Q67L and Rab18 S22N did not affect PLIN2 (Supplemental Figure S5, C--E). These results suggest that the inhibition of the association of ApoB to LDs by overexpression of Rab18 S22N is not because of the increase of PLIN2.

DISCUSSION
==========

Acute accumulation of free cholesterol enlarges LDs and induces the degradation of PLIN2 in cultured human hepatocytes
----------------------------------------------------------------------------------------------------------------------

Although both ACAT inhibitors F1394 and 58-035 significantly inhibited the esterification of cellular cholesterol in Huh7 cells after 24 h of treatment, LD enlargement was observed only with F1394. F1394 increased total cellular free cholesterol by 63%, whereas 58-035 increased it by 36%. F1394 also increased the free cholesterol/cholesterol ester ratio of the LD fraction to 0.841, whereas 58-035 increased this ratio to a lower level, 0.686. The LD size also increased when cells were treated with both MβCD/cholesterol and 58-035. In contrast, MβCD/cholesterol alone did not significantly affect the LD size. Both MβCD/cholesterol and MβCD/cholesterol plus 58-035 treatments increased the free cholesterol content of LD fraction. However, MβCD/cholesterol also increased the content of cholesterol esters in LDs. Our results suggest that the increase of the free cholesterol/cholesterol ester ratio of LDs plays an important role in controlling LD size.

Our results indicate that 95% inhibition of ACAT activity by 58-035 did not significantly affect LD structure in cultured hepatocytes. This finding is in marked contrast to that observed in macrophages, in which ACAT inhibitor does inhibit the accumulation of LDs ([@B25]). Time-lapse measurement indicated that the fusion of LDs was accelerated by F1394-induced acute cholesterol loading in Huh7 cells.

The LD surface is covered with a phospholipid monolayer, of which phosphatidylcholine and phosphatidylethanolamine are major components ([@B44]; [@B4]). The cylindrical shape of phosphatidylcholine stabilizes LDs and prevents LD coalescence, thus regulating the size of the LDs ([@B38]; [@B16]). The role of cholesterol in the size of LDs is not well understood ([@B46]). Free cholesterol is likely to reside on the LD surface layer ([@B32]). Studies using emulsions containing triolein and egg phosphatidylcholine found that the presence of cholesterol induced the coalescence of the emulsions ([@B38]). It is speculated that cholesterol has a small polar group and thus decreases the mean spontaneous curvature of surface lipids. Our results suggest that the physical properties of cholesterol induce LD fusion in hepatocytes.

The enlargement of LDs was paralleled by the degradation of PLIN2. Similar to the enlargement of LDs, F1394 but not 58-035 induced the decrease of PLIN2. In addition, the combination of MβCD/cholesterol and 58-035 decreased PLIN2. These results suggest that the acute increase of free cholesterol triggers the degradation of PLIN2. The degradation of PLIN2 was inhibited by the inhibitors of ubiquitination, autophagy, and protein synthesis. Of interest, inhibition of the degradation of PLIN2 by protein synthesis inhibitor did not inhibit the enlargement of LDs ([Figure 5, F and G)](#F5){ref-type="fig"}, indicating that the degradation of PLIN2 did not induce the enlargement of LDs in our experimental conditions.

Cholesterol-dependent, ubiquitin-proteasome--mediated degradation of 3-hydroxy-3-methylglutaryl-CoA (HMG CoA) reductase, the key regulatory enzyme in the mevalonate pathway, is well known ([@B35]; [@B13]). Another biosynthetic enzyme of cholesterol, squalene monooxygenase, was also shown to undergo cholesterol-accelerated proteasomal degradation ([@B11]). Unlike HMG CoA reductase, the degradation of squalene monooxygenase is not mediated by Insig, 24,25-dihydrolanosterol, or side-chain oxysterols but instead is mediated by cholesterol itself. It is of interest that, similar to the degradation of PLIN2, the degradation of HMG-CoA reductase requires ongoing protein synthesis ([@B8]).

Proteasome-dependent degradation of PLIN2 has been reported to occur during regression of lipid-storing cells ([@B45]; [@B23]). The N-terminal region of PLIN2 is suggested to mediate proteasomal degradation ([@B28]). However, the detailed mechanism underlying proteasome-dependent degradation of PLIN2 is not yet clarified. Further studies are required to understand the mechanism of cholesterol-mediated, proteasome-dependent degradation of PLIN2.

Accumulation of free cholesterol induces association of ApoB 100 with LDs
-------------------------------------------------------------------------

[@B26]) showed that association of ApoB with LDs is induced when proteasome or autophagy is inhibited. They also showed that the association of ApoB with LDs is inhibited by overexpression of PLIN2 and accelerated by knockdown of PLIN2 ([@B27]). The present study indicates that the association of ApoB to LDs is accompanied by the degradation of PLIN2 induced by acute free cholesterol loading and that the association is inhibited by PLIN2 overexpression. Similar to [@B26], [@B27]), we sometimes observed complementary labeling of PLIN2 and ApoB even in a single LD, showing an "ApoB crescents" pattern. However, in contrast to their results, the majority of ApoB-positive LDs exhibited circular labeling. They reported that abnormal lipidation of ApoB occurred in the cholesterol-rich lumen of the ER ([@B27]). Under acute free cholesterol accumulation, the association of ApoB with LDs was not significantly inhibited by the inhibitors of MTP, indicating that ApoB was not lipidated. The observations that the association of other ER proteins with LDs (like PDI) and the colocalization of ApoB and PLIN2 at the rim of LDs suggest that LDs fuse with the ER under our experimental conditions.

Rab18 activity is required for the association of ApoB with LDs
---------------------------------------------------------------

Rab18 is a low--molecular weight GTPase that specifically associates with LDs ([@B22]; [@B29]). Rab GTPases regulate many steps of membrane traffic by switching between an inactive, GDP form and an active, GTP form ([@B41]; [@B39]). However, the precise role of Rab18 in hepatocytes is not well understood.

Acute accumulation of free cholesterol relocated Rab18 from LDs to ER in Huh7 cells. Cholesterol loading--mediated association of ApoB with LDs was inhibited by overexpression of the GDP form (Rab18 Q67L) of Rab18 but not by wild-type or the GTP form (Rab18 S22N) of the protein, indicating that Rab18 activity is required for the association of ApoB with LDs. Consistently, overexpression of GDI, which stabilizes the GDP form of Rab proteins, also inhibited the association of ApoB with LDs.

Overexpression of Rab18 has been reported to induce close apposition of LDs to the ER-derived membrane in HepG2 and BALB/c 3T3 cells ([@B29]). Our results suggest that Rab18 plays a role in lipid traffic from LDs to the ER in cholesterol-loaded hepatocytes.

Conclusion
----------

Our results show that the following sequential events occur when free cholesterol is loaded into cultured hepatocytes (Supplemental Figure S6):

Fusion of LDs, leading to LD enlargement, as well as to fusion of LDs to the ER.Degradation of PLIN2, which is sensitive to inhibitors of ubiquitination, autophagy, and protein synthesis.Rab18-dependent association of ApoB 100 with LDs.

Free cholesterol accumulation in the liver is relevant to the pathogenesis of NASH ([@B5]; [@B24]; [@B1]). Emerging evidence indicates a physical and metabolic connection linking LDs with the ER ([@B3]). The present results highlight the role of LDs as targets of free cholesterol toxicity in hepatocytes.

MATERIALS AND METHODS
=====================

Cell line and reagents
----------------------

The human hepatocellular carcinoma cell line Huh7 was obtained from the Japanese Collection of Research Biosources Cell Bank (Tokyo, Japan). Cells were cultured in DMEM supplemented with 10% fetal calf serum (FCS), 100 U/ml penicillin, and 100 μg/ml streptomycin. F1394 was provided by Fujirebio (Tokyo, Japan; [@B17]). MβCD/cholesterol complex (cholesterol water soluble), 58-035, MG132, ALLN, and 3-MA were purchased from Sigma-Aldrich (St. Louis, MO). Mouse monoclonal anti-human ApoB 100 (clone 5F8) was from MONOSAN (Uden, Netherlands). Goat polyclonal anti-human ApoB 100 was from Rockland (Gilbertsville, PA). Mouse anti-PLIN1 and mouse anti-PLIN2 were purchased from Progen (Brisbane, Australia). BODIPY 493/503, ER-Tracker Green, and mouse anti-PDI BODIPY FL were from Invitrogen (Carlsbad, CA). \[1-^14^C\]Oleic acid was from PerkinElmer (Waltham, MA). Filipin was purchased from Polysciences (Warrington, PA). Anti-BMP (also called LBPA) monoclonal antibody was prepared as described ([@B14]). Anti-Rab18 rabbit antibody was prepared as reported ([@B29]). The antibody does not react with Rab1, Rab2, Rab3, Rab5, Rab7, Rab9, and Rab10 by immunofluorescence microscopy and Western blotting using cells transfected with the respective Rab cDNAs.

Treatment of cells with ACAT inhibitors
---------------------------------------

Huh7 cells were grown in DMEM supplemented with 10% FCS, 100 U/ml penicillin, and 100 μg/ml streptomycin in the presence of F1394 (10 μg/ml) or 58-035 (10 μg/ml). Alternatively, cells were grown in DMEM supplemented with 5% lipoprotein-depleted serum (LPDS), 100 U/ml penicillin, and 100 μg/ml streptomycin in the presence of MβCD/cholesterol complex at a final cholesterol concentration of 0.1 mM or MβCD/cholesterol and 58-035.

Treatment of cells with MTP inhibitor
-------------------------------------

Huh7 cells were grown for 24 h in DMEM supplemented with 10% FCS, 100 U/ml penicillin, and 100 μg/ml streptomycin in the presence of 100 nM BAY13-9952 (Bayer Healthcare). Culture medium was then changed to DMEM supplemented with 10% FCS, 100 U/ml penicillin, and 100 μg/ml streptomycin in the presence of 100 nM BAY13-9952 and 10 μg/ml F1394, and cells were further grown for 24 h.

Fluorescence microscopy
-----------------------

Cells grown on coverslips were washed with phosphate-buffered saline (PBS) and then fixed for 30 min with 3% paraformaldehyde in PBS. The cells were washed with PBS and quenched with 50 mM NH~4~Cl for 5 min. After being washed with PBS, cells were permeabilized by treatment with 50 μg/ml digitonin or 0.1% Triton X-100 for 10 min. Alternatively, the coverslips were dipped in liquid nitrogen for 3 s (freeze-thaw). The specimens were blocked with 0.1% bovine serum albumin in PBS for 30 min. After 1 h of treatment with the first antibody, cells were washed and labeled with the fluorescent second antibody for 1 h. When required, 2 μg/ml BODIPY 493/503 was added to the second antibody. The stained cells were washed with PBS, mounted in Mowiol, and examined under a Zeiss LSM 510 or Zeiss LSM 700 confocal microscope equipped with C-Apochromat 63×W (1.2 numerical aperture \[NA\]) or Plan-Apochromat 63× (1.40 NA) oil objectives (Carl Zeiss, Jena, Germany). Size and number of lipid droplets were quantified using MetaMorph software (Molecular Devices, Sunnyvale, CA).

To follow the dynamics of lipid droplets, Huh7 cells were incubated in DMEM with 10% (vol/vol) fetal bovine serum plus 20 ng/ml Nile red at 37°C in a humidified chamber equilibrated at 5% CO~2.~ Time-lapse sequences were recorded at 15-min intervals on an Olympus FV1000 confocal microscope (Olympus, Tokyo, Japan) using a Plan-Apo 60× (1.10 NA) oil immersion objective.

Thin-layer chromatography
-------------------------

Lipids were extracted ([@B6]) from Huh7 cells and applied to HPTLC plates (Merck, Darmstadt, Germany). The plates were developed in hexane/diethyl ether/acetic acid (80:20:2). Lipids were stained with a mixture of ferric chloride/sulfuric acid/acetic acid ([@B19]) and then heated and quantified by scanning densitometry using LAS 2000 (Fujifilm, Tokyo, Japan).

Cholesterol esterification assay
--------------------------------

Cells were treated overnight with ACAT inhibitors in complete medium. After a DMEM wash, cells were labeled for 4 h with \[1-^14^C\]oleic acid (0.5 μCi/ml) in DMEM plus 1% fetal bovine serum in the presence of the inhibitors. After a PBS wash, the cell layer was scraped. Aliquots of cell extract were taken for protein quantification, and lipids were extracted and then separated on HPTLC as described. Lipids were identified by comparison with radioactive lipid standards and visualized with a Fujifilm Imaging Plate (BAS-SR2025). The relative radioactivity was quantified using the BAS5000 Bio­imaging Analyzer (Fujifilm).

Analysis of cholesterol content by gas chromatography
-----------------------------------------------------

Lipids were extracted from cells, and stigmasterol (5 μg) was added as internal standard. Lipids were separated by HPTLC as described. Free cholesterol spots were revealed after spraying primuline solution (0.1% \[wt/vol\] primuline solution/water/acetone 1:1:8 \[vol/vol/vol\]), scraped, and then extracted with 2 ml of methanol, 1 ml of water, and 2 ml of hexane. After centrifugation, the upper hexane phase was collected, dried under nitrogen, and analyzed by GC.

In the case of esterified cholesterol (EC) spots, stigmasterol (2.5 μg) was added as internal standard during the methanol:water:hexane extraction. Saponification of EC samples was performed with 5 N methanolic KOH (2 ml) for 1 h at 80°C. The reaction was stopped on ice and neutralized with 1 N HCl (1.5 ml). Then extraction was performed with 2 ml of hexane, and 0.5 ml of water was added to favor phase separation. After centrifugation, the upper hexane phase was collected, dried under nitrogen, and used for GC analysis.

Cholesterol was analyzed with a Shimadzu GC-14AH gas chromatograph (Shimadzu, Kyoto, Japan). An Alltech Econo-Cap EC-5 (Analytical Columns, New Addington, UK) capillary column (30 m × 0.32 mm, 0.25 mm) was used with helium as carrier gas and an oven temperature program from 290 to 320°C at 2°C /min, held isothermal at 320°C for 10 min. Cholesterol was quantified using stigmasterol as the internal standard.

Western blot analysis
---------------------

To detect PLIN2, Huh7 cells were lysed for 3 min in ice-cold RIPA buffer containing protease inhibitors. Cells were centrifuged at 15,000 rpm for 5 min, and the supernatant was electrophoresed on 10% SDS--polyacrylamide gel. A 6% gel was used to detect ApoB. The gels were electrotransferred to a polyvinylidene fluoride membrane using a Bio-Rad semidry transfer system (Bio-Rad, Hercules, CA). For detection of PLIN2 or ApoB, anti-PLIN2 or anti-ApoB was used. After incubation with horseradish peroxidase--conjugated second antibodies, the membranes were developed using ECL Plus (GE Healthcare, Pittsburgh, PA).

Isolation of lipid droplet fraction from Huh7 cells
---------------------------------------------------

Huh7 cells were cultured in presence of F1394 for 24 h and washed with PBS. Cells were scraped and homogenized in ice-cold homogenization buffer (HB; 250 mM sucrose \[8.5%\], 3 mM imidazole, pH 7.4) containing protease inhibitors, and then a postnuclear supernatant (PNS) was prepared. The PNS was adjusted to 40.6% sucrose solution in 3 mM imidazole, pH 7.4, loaded at the bottom of tube, and overlaid sequentially with 35 and 25% sucrose solutions in 3 mM imidazole, pH 7.4, and then in HB. The gradient was centrifuged for 60 min at 35,000 rpm using an MLS 55 rotor on a Beckman Coulter (Brea) Optima TL100 ultracentrifuge. The LD fraction was collected from the top of tube. Enrichment of LDs in the fraction was assessed by the enrichment of PLIN2 in control cells.

Transmission electron microscopy
--------------------------------

Transmission electron microscopy was performed as reported previously ([@B20]). For ultrastructural examination of F1394-treated cells, the cells were grown on Aclar plastic sheets (Nissin EM, Tokyo, Japan) with or without 10 μg/ml F1394 for 1 d, fixed in 4% paraformaldehyde and 2.5% glutaraldehyde in 60 mM PIPES, 25 mM HEPES, 10 mM EGTA, and 2 mM MgCl~2~, pH 6.9 (PHEM buffer), postfixed with 1% osmium tetraoxide, and then stained with 1% tannic acid. The samples were then dehydrated in the graded series of ethanol, en bloc stained with uranyl acetate in 70% ethanol, embedded in Araldite resin, and sectioned with an ultramicrotome (EM UC6; Leica, Vienna, Austria). Ultrathin sections were stained with uranyl acetate and lead stain solution (Sigma-Aldrich Japan, Tokyo, Japan) and observed under a transmission electron microscope (1200EX II; JEOL, Tokyo, Japan). Electron micrographs recorded on imaging plates were scanned and digitized by an FDL 5000 imaging system (Fujifilm). For immunoelectron microscopy, cells were grown on culture dishes and fixed with 4% paraformaldehyde and 0.05% glutaraldehyde in PHEM buffer. The cells were scraped off the dishes, pelleted, and embedded in gelatin. Cell pellets were infused with 20% polyvinylpyrrolidone and 1.84 M sucrose and frozen in liquid nitrogen. Ultrathin sections were cut and picked up in 1.15 M sucrose and 1% methylcellulose. Labeling of PLIN2 was performed with mouse anti-PLIN2 antibody and 5 nm colloidal gold conjugated--anti-mouse immunoglobulin G antibody (Amersham Biosciences, Amersham, United Kingdom), and ApoB was labeled with goat anti-ApoB antibody and 10 nm gold-conjugated secondary antibody (British BioCell International, Cardiff, United Kingdom). After labeling, the sections were stained and embedded in 1.6% methylcellulose and TI-blue staining solution (Nissin EM). Both sections for conventional and immunoelectron microscopy were observed under a transmission electron microscope (JEOL 1200EX II) with the help of the Support Unit for Neuromorphological Analysis in RIKEN. Electron micrographs recorded on imaging plates were scanned and digitized by an FDL 5000 imaging system (Fujifilm).

Construct
---------

Full-length PLIN2 and Rab18 were amplified by PCR out of a human cDNA library and cloned into pENTR/SD/[d]{.smallcaps}-TOPO (Invitrogen). Using a linker, *Kpn*I and *Hin*dIII sites were inserted just before the *att*R1 recombination site of pcDNA-DEST40. AcGFP was amplified by PCR using pAcGFP (Clontech) as a template, introduced between the *Kpn*I and *Hin*dIII sites, and generated pDEST-AcGFP. pDEST-mCherry was also prepared. The PLIN2 and Rab18 genes were introduced into pDEST-AcGFP or pDEST-mCherry by LR recombination (Invitrogen). GFP- and mCherry-Rab18 S22N were constructed by introducing the *Eco*RI site into GFP-Rab18 or mCherry-Rab18 by PCR amplification with 5′-CCGGAATTCCCTGCTCTTGAGGTTCACAGA-3′ and 5′-CCGGAATTCTTGCCCAC-CCCACTCTCGCCG-3′. GFP- and mCherry-Rab18 Q67L were constructed by introducing the *Xho*I site into GFP- and mCherry-Rab18 by PCR amplification with 5′-CCGCTCGAGAGGTTTAGAACATTAACTCCC-3′ and 5′-CCGCTCGAGACCAGCAGTATCCCAT-ATTGC-3′. mCherry-GDIα was prepared by introducing full-length mouse GDIα ([@B43]) into pDEST-mCherry. The DNA sequence was verified.

Transfection
------------

Huh7 cells were transfected with 1 μg of plasmid DNA and 6 μl of Polyfect transduction reagent (Qiagen, Venlo, Netherlands) using the manufacturer's protocol. After 24 h of incubation, cells were treated with 10 μg/ml F1394 and incubated for an additional 24 h.

Creation of clustered regularly interspaced short palindromic repeats--mediated cell lines
------------------------------------------------------------------------------------------

Huh7 ACAT1 or ACAT2 stable knockouts were generated using a clustered regularly interspaced short palindromic repeats (CRISPR) technique ([@B34]). The sgRNAs were designed using the CRISPR.mit.edu design software. Oligonucleotides (5′-caccgGCCTCTCAAAGTCTTATGTG-3′ and 5′-aaacCACATAAGACTTTGA-GAGGCc-3′ for ACAT1; 5′-caccgGCAGTCCAGTCAATAGGGAT-3′ and 5′-aaacATCCCTATTGACTGGACTGCc-3′ for ACAT2) were annealed and cloned into the *Bbs*I site of the pSpCas9(BB)-2A-puro vector (plasmid 48139; Addgene). The plasmids were introduced into Huh7 cells using Lipofectamine 3000 (Thermo Fisher Scientific, Waltham, MA). After 3 d, single cells were selected with puromycin, and individual clones were expanded to cell lines. Genomic DNA was extracted from the cell lines using GenElute Mammalian Genomic DNA Miniprep Kits (Sigma-Aldrich). PCR-amplified products were directly sequenced using the Big Dye Terminator Cycle Sequencing v3.1 Kit (PE Applied Biosystems, Foster City, CA). Sequence analysis revealed that Huh7 ACAT1 knockout had a 1--base pair insertion and Huh7 ACAT2 knockout had 2-- and 13--base pair heterogeneous deletions next to PAM.

Statistical analysis
--------------------

The *p* values were calculated using paired Student's t test, with *p* \< 0.05 being statistically significant. Values are mean ± SD.
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3-MA

:   3-methyladenine

ACAT

:   acyl-CoA:cholesterol acyltransferase

ALLN

:   *N*-acetyl-[l]{.smallcaps}-leucinyl-[l]{.smallcaps}-leucinyl-[l]{.smallcaps}-norleucinal; ApoB, apolipoprotein B

ER

:   endoplasmic reticulum

F1394

:   (1*s*,2*s*)-2-\[3-(2,2-dimethylpropyl)-3-nonylureido\]aminocyclohexane-1-yl-3-\[*N*-(2,2,5,5-tetramethyl-1,3-dioxane-4-carbonyl)amino\]propionate

GDI

:   GDP-dissociation inhibitor

HMG CoA

:   3-hydoxy-3-methylglutaryl-CoA

LD

:   lipid droplet

MβCD

:   methyl-β-cyclodextrin

MTP

:   microsomal triglyceride-transfer protein

NASH

:   nonalcoholic steatohepatitis

PBS

:   phosphate-buffered saline

PDI

:   protein disulfide isomerase

PLIN

:   perilipin

PNS

:   postnuclear supernatant

VLDL

:   very low-density lipoprotein.
